Background
During the last 30 years, the incidence of allergic diseases, including pollen allergy and allergic asthma, has increased in industrialized countries [1] [2] [3] [4] [5] [6] [7] . Epidemiological studies suggest that the increase in the prevalence of allergic diseases may be associated with environmental exposures, lifestyle, temporal development of the immune system, and genetics [8] . Diesel exhaust, which is one of the major sources of environmental pollution in the 20th century, has been suspected to accelerate pollen allergy and allergic respiratory diseases [9] [10] [11] [12] , because diesel exhaust particles (DEP) may act as an adjuvant [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] or directly induce activated mast cells to degranulate [23] .
Previous studies addressed the possibility that inhalation of diesel exhaust during pregnancy disrupted differentia-tion of the thymus in the fetus due to the accumulation of testosterone [24, 25] . Testosterone-binding cells have been found in the thymus of 18-day-old fetuses and testosterone can influence the function of specific thymic epithelial cells [26] [27] [28] . Such immunodeficiency of the thymus, especially of suppressor T cells, elevates serum immunoglobulin E [29] [30] [31] [32] . These findings strongly suggest that the inhalation of diesel exhaust during the differentiation periods suppresses proliferation of the thymus cells and contributes to the development of allergies in postnatal life.
This study was conducted to pursue three objectives. First, we sought to determine the impact that diesel exhaust inhalation during the differentiation periods of the immune system had upon the elevation of immunoglobulin E against Japanese cedar pollen. To show this, time of exposure to diesel exhaust was based on the developmental process of the thymus [33, 34] . The second objective was to determine which substances -particulate matter or the gaseous phase present in diesel exhaust -are responsible for the elevation of IgE. The third objective was to determine the mechanism by which the inhalation exerts its toxicity by measuring the serum levels of hormones.
Materials and methods

Generation of diesel exhaust
Diesel engine exhaust was generated by running a 309 cc engine (Model NFAD50, Yanmar Diesel Co., Osaka, Japan) at 2,400 rpm. Exhaust was diluted with clean air in a dilution tunnel and then drawn into the inhalation chamber (particulate matter = 1.73 mg/m 3 , nitrogen dioxide = 0.79 ppm). For the filtered group, most of the diesel soot particles in whole exhaust were removed by HEPA filtration (ATM 3QA, Nippon Muki Co., Tokyo, Japan). After filtration, 99.9998% of particles measuring 0.05 µm or more were eliminated. Ventilation was maintained by 15 air exchanges per hour. Concentrations of nitrogen dioxide and nitrogen monoxide were continuously monitored with a chemiluminescent analyzer (Model 8440, Monitor Labs Co., San Diego, CA). Gravimetric measurements of the particulate matter were conducted daily using an automatic beta-ray dust-mass monitor (Model BAM-102, Shibata Scientific Technology Co., Tokyo, Japan). Measurement of particle sizes with a particle fractionating sampler (Andersen Type low pressure impactor LP-20, Tokyo Dylec Co., Tokyo, Japan) confirmed that more than 90% of the particulate matter in the diesel exhaust measured less than 0.05 µm.
Experiment 1 Animals and treatments
Forty-three pregnant Fischer rats (F344/DuCrj) obtained from Charles River Japan (Kanagawa, Japan) were divided into seven groups on the sixth days of pregnancy. The experiment was conducted using only male pups from those mothers. Group 1 was exposed to clean air during all of the experimental period (Control). Group 2 was exposed to total diesel exhaust from the 7th day of gestation (day of impregnation = day 0) until 3 days after birth, then exposed to clean air until days 49, 82 and 96 after birth. (Total-C-C). Group 3 was exposed to filtered exhaust from the 7th day of gestation until 3 days after birth, then exposed to clean air until days 49, 82 and 96 after birth (Filtered-C-C). Group 4 was exposed to diesel exhaust from the 4th day after birth through the 22nd day after birth. The group was exposed to clean air during the other periods of the experiment (C-Total-C). Group 5 was exposed to filtered exhaust from the 4th day after birth through the 22nd day after birth. The group was exposed to clean air during the other periods of the experiment (C-Filtered-C). Group 6 was exposed to diesel exhaust from day 23 after birth until day 41. The group was exposed to clean air during the other periods of the experiment (C-C-Total). Group 7 was exposed to filtered exhaust from day 23 after birth until day 41. The group was exposed to clean air during the other periods of the experiment (C-C-Filtered). Each group had the same exposure period, 19 days, to diesel exhaust. The number of pregnant rats for groups 1, 2, 3, 4, 5, 6 and 7 were 7, 7, 7, 6, 6, 5 and 5, respectively. Litter sizes ranged from 6 to 11. The total number of pups (male: female) of each group from the mothers were 53 (28:25), 50 (24:26) , 54 (25:29) , 47 (22:25) , 44 (23:21) , 43 (22:21) and 45 (20:25) , respectively. The experimental protocol is summarized in Figure 1 .
Each group of animals was maintained in an inhalation chamber (1.6 m 3 ) at 24 ± 2°C and 55 ± 5% humidity on a 12-hr light: 12-hr dark illumination schedule. The diet was standard rat chow containing 1.03% calcium, 0.70% phosphorus and 200 IU vitamin D3/100 g (MF, Oriental Yeast Co. Ltd, Tokyo, Japan). The pups were kept with their mothers until weaned at 22 days of age. At the same time, the young rats were divided into groups of males and females?" the male rats were randomly assigned to groups of 6 to 8 housed in a single cage. All the animals were allowed free access to food and water. Exposure to diesel exhaust was 6 h daily from 10 a.m. to 4 p.m., for 19 days.
Body weights, thymus and spleen weights were measured and blood samples were collected to measure the titer of immunoglogulin from the abdominal aorta under ether anesthesia on day 49 before immunization and five days after the 3rd or 4th immunization.
Allergens and immunization procedure
The crude Japanese cedar pollen allergens were kindly provided by Dr. Maejima through the Japan Automobile Research Institute (Tsukuba, Japan). The amount of pro-tein in the crude Japanese cedar pollen allergens was 65 µg containing 17.4 µg of Cry j 1 and 1.73 µg of Cry j 2 per milliliter [35] . Intraperitoneal injection of 1 ml of 0.125 M ammonium bicarbonate containing 5 mg crude Japanese cedar pollen allergens mixed with 4 mg aluminum hydroxide gel was performed three or four times at 2-week intervals from the 49th day after birth.
Measurement of anti-Japanese cedar pollen IgE antibody titers
The titers of IgE antibodies were measured by the Prausnitz-Kustner reaction (P-K reaction) in 12-week-old male Fischer rats (F344/DuCrj) obtained from Charles River Japan (Kanagawa, Japan). One tenth milliliter of serial twofold dilutions of the test sera was injected intracutaneously for the passive sensitization. Forty-eight hours later, the rats were challenged intracutaneously with 0.5 µg of Cry j 1 (Hayashibara Biochemical Lab. Inc. Japan) and 0.25 µg of Cry j 2 (Hayashibara Biochemical Lab. Inc. Japan) in 0.02 ml of PBS. At the same time, 1 ml of 0.5% Evans blue was injected intravenously. The test was carried out in duplicate, and the P-K titer was expressed as the geometric means of the reciprocal of the maximal dilutions that elicited a reaction of 5 mm in diameter.
Enzyme-linked immunosorbent assay (ELISA) of anti-Japanese Cedar Pollen IgE antibodies was carried out by a modification of the method of Imaoka et al. [36] . Briefly, the wells of microtiter plates (Immulon 2, Dynatech) were coated with 100 µg/ml of a commercial anti-rat IgE mouse monoclonal antibody (Zymed, USA) diluted to 20 µg/mL with 0.1 M NaHCO 3 (pH8.2) at 37°C for 3 h, and the plates were washed 5 times with phosphate buffered saline (PBS). The wells were then successively incubated at room temperature with the following reagents, washing 5 times between each pair of steps: 250 µL of Block Ace (Dainihon Seiyaku, Osaka, Japan) for blocking at 4°C overnight; 100 µL of serial 10-fold dilutions of the test and normal sera?" 100 µL of biotinylated cedar pollen allergens (Biotin Labeled Cry j 1 and 2, Hayashibara Biochemical Lab. Inc. Japan) (1 µg/mL); 100 µL of streptavidin-peroxidase (Zymed, USA) diluted 1:1,000; 100 µL of substrate solution containing 3, 3', 5, 5'-tetramethylbenzidine (Morinaga, Japan). Absorbance was read at 450 nm with a microplate reader. IgE titers were expressed as the absorbance obtained by subtracting the absorbance of the serum from control group.
Figure 1
Experimental protocol. Control, exposed to clean air; Total-C-C, exposed to total diesel exhaust from the 7th day of gestation until 3 days after birth; Filtered-C-C, exposed to filtered exhaust from the 7th days of gestation until 3 days after birth; C-Total-C, exposed to diesel exhaust from the 4th day after birth through the 22nd day after birth; C-Filtered-C, exposed to filtered exhaust from the 4th day after birth through the 22nd day after birth; C-C-Total, exposed to diesel exhaust from day 23 after birth to day 41; C-C-Filtered, exposed to filtered exhaust from day 23 after birth to day 41. 
C-C-
Experiment 2
Eighteen pregnant Fischer rats were divided into three groups: control, total exposed and filtered exposed. The exposure period was from day 7 of pregnancy until 3 days after delivery, corresponding to Control, Total-C-C and Filtered-C-C in experiment 1. On day 4 after birth, blood samples of newborn rats were collected. The serum pooled from the male pups of the same group was used as a sample. Serum testosterone and estradiol levels were determined using Enzyme Immunoassay Kits (Cayman Chemical, USA). Exposure conditions were the same as aforementioned.
Suckling rats with their mothers were divided into three groups on day 4 after birth: control, total exposed and filtered exposed, corresponding to Control, C-Total-C and CFiltered-C in experiment 1. The number of mother rats was six. On day 23 after birth, blood samples of weaned males were collected and hormonal levels were assayed.
Statistical analysis
All reported values are expressed as means ± standard deviations (SD) or means ± standard errors (SE) except for testosterone and estradiol of 4-day-old rats in experiment 2. The differences between the groups were analyzed using the Dunnett's test and Steel's test. The rank-order correlation between IgE titers was measured by ELISA and those of the P-K reaction were analyzed by Spearman's method. P-values < 0.05 were considered significant.
The treatment and care of the rats were carried out according to the protocol approved by the Animal Care and Use Committee of the Tokyo Metropolitan Research Laboratory of Public Health in a facility approved by the Japan Association for Accreditation of Laboratory Animal Care.
Results
Experiment 1
The average body weight, spleen and thymus weight of male rats from 7 groups, Control, Total-C-C, Filtered-C-C, C-Total-C, C-Filtered-C, C-C-Total and C-C-Filtered, on days 49, 82 and 96 are shown in Table 1 . The average weight of the thymus of non-immunized rats on day 49 was significantly lower in Total-C-C, Filtered-C-C and CFiltered-C than in the control group (p < 0.01, p < 0.01, p < 0.05, respectively). There were no differences in thymus weight between the total-exhaust-exposed group and filtered-exhaust-exposed group. The average weight of the thymus of rats on day 82 after the third immunization was significantly lower in Total-C-C and Filtered-C-C than in the control group (p < 0.01, p < 0.05, respectively). The average weight of the thymus of rats on day 96 after the fourth immunization was significantly lower in Filtered-C-C and C-Filtered-C than in the control group (p < 0.05 for each). There were no significant differences in thymus weight between the total-exhaust-exposed group and filtered-exhaust-exposed group.
The individual anti-Japanese cedar pollen IgE antibody titer measured by the Prausnitz-Kustner reaction (P-K reaction) and the mean IgE titers in Control, Total-C-C, Filtered-C-C. C-Total-C, C-Filtered-C, C-C-Total and C-CFiltered after the third and fourth immunization are shown in Figure 2 . The geometrical means of IgE titers in Control, Total-C-C, Filtered-C-C, C-Total-C, C-Filtered-C, C-C-Total and C-C-Filtered were 32.0 ± 6.9, 181.0 ± 1.5, 166.0 ± 1.4, 49.4 ± 4.0, 43.1 ± 6.5, 4.0 ± 1.0 and 6.3 ± 2.0 after the third immunization, and 64.0 ± 2.7, 469.5 ± 1.6, 332.0 ± 1.7, 380.4 ± 1.7, 394.8 ± 1.7, 115.9 ± 1.3 and 57.0 ± 2.8 after the fourth immunization, respectively. Log 2 P-K IgE titers of each group are shown in Table 3 . There were significant differences between Total-C-C, Filtered-C-C, C-Total-C, C-Filtered-C and Control after the fourth immunization (p < 0.01, p < 0.01, p < 0.05, p < 0.01, respectively). There were no differences between the totalexposure and filtered-exposure conditions. The IgE titers in Filtered-C-C and C-Total-C were significantly higher than in Control (p < 0.05, P < 0.05, respectively). There was a significant rank-order correlation between the IgE titers measured by ELISA and those of the P-K reaction (p < 0.01). Table 2 shows the average body weight, spleen and thymus weight, as well as the serum levels of testosterone and estrogen of 4-day-old males exposed to clean air or diesel exhaust from the 7th day of gestation to 3 days after birth. The average spleen and thymus weights were significantly lower in Total-C-C (p < 0.05, p < 0.05) and Filtered-C-C (p < 0.01, P < 0.01) than in Control. The testosterone levels were higher in Total-C-C and Filtered-C-C than in Control. Table 2 also shows the average body weight, spleen and thymus weight and hormone levels of 23-day-old male rats exposed to clean air or diesel exhaust during the suckling period. The average thymus weight was significantly lower in C-Filtered-C than in Control (p < 0.05). The testosterone levels were significantly higher in C-Total-C and C-Filtered-C than in Control (p < 0.05, P < 0.01, respectively). There were no significant differences between the total-exhaust-exposed group and filtered-exhaust-exposed group. Values are expressed as mean ± SD. Testosterone and estrogen levels on day 4 were pooled serum from males. * Different from Control, p < 0.05; ** different from Control, p < 0.01 Table 3 : IgE titers measured by P-K reaction against pollen in rats immunized three or four times
The average IgE titers measured by ELISA after the fourth immunization and expressed as optical density in Control, Total-C-C, Filtered-C-C, C-Total-C, C-Filtered-C, C-C-Total and C-C-Filtered
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Values are expressed as mean ± SD. Testosterone and estrogen levels on day 4 were pooled serum from males. * Different from Control, p < 0.05; ** different from Control, p < 0.01
Discussion
The present study provides the first evidence that inhalation of diesel exhaust during the differentiation periods of the immune system accelerated the elevation of immunoglobulin E (IgE) against Japanese cedar pollen.
Elevation of IgE against Japanese pollen was detected in the rats exposed to total or filtered diesel exhaust from the 7th day of gestation until 3 days after birth (Total-C-C, Filtered-C-C). Previous studies addressed the possibility that inhalation of diesel exhaust during pregnancy disrupted the differentiation of the thymus in the fetus due to the accumulation of testosterone [24, 25] . In the present study, the testosterone levels, which were probably closely related to maternal hormone levels, were significantly higher in 4-day-old rats from Total-C-C and Filtered-C-C than the rats from Control. Testosterone-binding cells have been found in the thymus of 18-day-old fetuses. Testosterone can influence the function of specific thymic epithelial cells not only directly by acting on the thymus cells, but also indirectly by modulating the function of the thymus epithelial cells that bind testosterone [26] [27] [28] 37] . Other possibilities for the depletion of lymphoid cells are a reduction in the rate of bone marrow-derived prothymocyte entry into the thymus [12, [38] [39] [40] [41] [42] , or a higher incidence of thymocyte apotosis [12, [43] [44] [45] . Since a certain number of lymphocytes in the spleen are from the thymus, decreased weight of the spleen on day 4 after birth in T-C-C and F-C-C might reflect disturbed or delayed development of the thymus. With regard to adjuvant effects of particles, _particles deposited in the maternal organs might have acted as an adjuvant during the fetal and suckling periods and affected immune functions. There is a little possibility that diesel exhaust acted directly as an adjuvant for causing the elevation of IgE. The rats from the groups of Total-C-C and Filtered-C-C had been exposed to diesel exhaust through breathing for 3 days.
Elevated IgE was also detected in the rats exposed to diesel exhaust directly during the suckling period, C-Total-C and C-Filtered-C. Those rats had been exposed to diesel exhaust in two ways, through inhaled air and mother's milk. It has been indicated that inhalation of nitrogen dioxide, a strong oxidative gas contained in diesel exhaust, reduces T lymphocyte subpopulations [46] [47] [48] . The other possibility for hypersensitivity to pollen is the elevated steroid hormone level detected in 23-day-old rats from C-Total-C and C-Filtered-C. The influences from deposited particles in the maternal organs could not be neglected. The rats exposed to exhaust directly during weaning period, C-C-Total and C-C-Filtered, did not show an elevation of IgE, though those rats had a shorter interval between exposure and the first immunization compared to the rats from the other groups. Holladay et al. suggested [34] that developmental exposure to immunotoxicants may play a role in inducing or exacerbating hypersensitivity, which is long-
Figure 2
Anti-Japanese cedar pollen IgE titers measured by P-K reaction.
• IgE titers in the individual rat; * geometrical means of each group The rats from Total-C-C and Filtered-C-C responded to a smaller dose of pollen than the rats from C-Total-C and CFiltered-C. Judging from the decreased weight of the thymus and spleen on day 4 after birth, the impact of diesel exhaust inhalation on the development of the fetal immune system could be stronger than that on the neonatal immune system. Recently, it has been pointed out that the incidence of Japanese cedar pollinosis has increased not only in children but also in infants [49, 50] . There could be some connection between insufficient development of immune system during the fetal and neonatal periods because the mother has been exposed to polluted air and the increased prevalence of Japanese cedar pollinosis and atopic diseases in infants.
Regarding which substances were more responsible for insufficient development of the immune system and elevation of IgE, filtered-exhaust that included the gaseous phase and ultra fine particles measuring less than 0.05 µm might be responsible. Although the two exposure conditions, total-exhaust-exposure and filtered-exhaust-exposure had almost the same affect, the latter had a more severe impact on pups. When comparing pups from fetalperiod-filtered-exposed group (Filtered-C-C) to those of the fetal-period-total-exposed group (Total-C-C), the thymus weights were significantly lower in Filtered-C-C than in the Control on postnatal day 96. In pups from the suckling-period-exposed group (C-Filtered-C), the thymus weights on days 23, 49 and 96 were lower than those in the Control. There were no significant differences between the thymus weight of Filtered-C-C and Total-C-C. Filtered exhaust contained the remainder of diesel exhaust after filtration, such as gases and particles measuring less than 0.05 µm. The gaseous phase of diesel engine exhaust includes several agents that may affect immune functions, such as nitrogen dioxide and nitrogen oxide [46] [47] [48] . Recently the toxicity of ultrafine particles less than 0.1 µm has been reported, such as the direct invasion of ultrafine particles through the lung, the translocation of deposited ultrafine particles to extrapulmonary tissues, the impact of co-pollutants adsorbed to ultrafine particles [52] [53] [54] . It can not be negligible that ultrafine particles transferred from the mother to the fetus or inhaled act as immunotoxicants. Further studies are needed to show the mechanism that is responsible for susceptibility to allergies in rats exposed to diesel exhaust during the critical period of immune system development.
The yearly average suspended particulate matter (SPM) concentration in a specified area at the motor vehicle exhaust monitoring station of motor vehicle NOx during 1999 was 0.045 mg/m 3 [51] . Assuming the proportion of diesel exhaust particles in SPM around the roads in large cities to be 40%, the concentration of the diesel exhaust particles used in this experiment is about 90 times the concentration occurring around the roads. The rats had been exposed to diesel exhaust for 16 days during their fetal life, which is more than two thirds of the gestation period. Taking the longer gestation period of human beings, a longer time of exposure per day and a larger volume of breathing into consideration, the inhalation dose used in the present study was not far from reality.
The intranasal administration is a more reasonable simulation of the natural route of pollen exposure. It is also useful to estimate the amount of pollen grains being administered. In the preliminary studies, intranasal administration was not useful for elevating IgE in Fischer rats.
The major purposes of the study were to show that environmental factors could change the sensibility to pollen besides genetic factors and to show the influence of diesel exhaust inhalation on the fetus and neonate. Antibody responses against Japanese cedar pollen differed among strains of rats, with Brown Norway (BN) rats being sensitive, Fischer rats moderately sensitive and Wistar rats not sensitive [36] . The average litter size in BN rats is 3 to 4, and that of Fischer rats is 8 to 10. For these reasons, intraperitoneal injection was administered in Fischer rats in the present study. Even if alternative routes of pollen grain administration were used, the predictability of such methods generally used in scientific research field is well acceptable to mimic and study human allergic reaction in a rat model.
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